detection of a photon is accompanied by populating the molecular ground state via fast decay of vibrational levels. As a result, all of the information about the phase of the system is lost, and we can assume that after the first photon has been detected, the only nonzero elements of the density matrix are the populations eg,eg , ge,ge , and gg,gg .
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Biominerals are widely exploited to harden or stiffen tissues in living organisms, with calcium-, silicon-, and iron-based minerals being most common. In notable contrast, the jaws of the marine bloodworm Glycera dibranchiata contain the copper-based biomineral atacamite [Cu 2 (OH) 3 Cl]. Polycrystalline fibers are oriented with the outer contour of the jaw. Using nanoindentation, we show that the mineral has a structural role and enhances hardness and stiffness. Despite the low degree of mineralization, bloodworm jaws exhibit an extraordinary resistance to abrasion, significantly exceeding that of vertebrate dentin and approaching that of tooth enamel.
Most living organisms rely on hard tissues for support, protection, nutrition, and defense. Biomineralization is a major strategy for tissue hardening and manifests an astonishing diversity of bioceramic structures with exquisite microarchitectures that have specially adapted physical properties (1) (2) (3) (4) (5) (6) . Although the variety of architectures seems to be almost infinite, Ca-, Si-, and Fe-based minerals are most common (7) . As a basic principle, the hardness of these is largely governed by the type of mineral (8) and the degree of mineralization (9, 10) . In 1980, Gibbs and Bryan (11) first reported copper levels up to 13% w/w in the jaws of the marine polychaete worm Glycera sp. Although it was initially suspected that these levels reflected heavy metal pollution at the collection site, jaw composition was found to be remarkably consistent and independent of copper concentration in the seawater. Copper was the most abundant inorganic component; protein, however, was the most predominant constituent (measured as percent of dry weight). The authors concluded that the copper might play a role in mechanically hardening the proteinaceous material. However, no attempt to determine the actual hardness was made nor was the form of the copper further explored.
We show that in Glycera jaws, a major part of the copper is deposited as a biomineral. We used a combination of techniques, such as position-resolved synchrotron x-ray diffraction, small-angle scattering, electron microscopy, and nanoindentation to identify the mineral, demonstrate its structural function, and probe the mechanical properties of the jaw. We find that, in spite of the low degree of mineralization, Glycera jaws show an extraordinary resistance to abrasion. Figure 1A shows the image of a Glycera jaw as viewed by light microscopy. Glycera is armed with a set of four such jaws, each of which is about 1.5 mm long and jet black, with a very sharp, mechanically stable tip that is used by the worm to penetrate the integument of its prey (12) and inject venom (13) . Electron microprobe experiments (14) on a ground and polished Glycera jaw showed high concentrations of copper in the distalmost tip region (Fig.  1 ). In accordance with findings by Gibbs and Bryan (1980) (11) , the copper concentration decreased dramatically from the tip to the base. The local copper distribution in an oblique cross section of the tip is depicted in Fig. 1B (the dark hole in the middle is the venom canal, and the white line circumscribes the outline of the sample). Figure 1C shows the local chlorine distribution. The occurrence of chlorine in the sample was highly correlated with elevated local concentrations of copper (additional chlo- rine around the sample in this picture is derived from the epoxy embedding). Except for the tip, the rest of the sample did not contain detectable levels of chlorine. Backscattered electron imaging (BEI) was used as a complementary technique to visualize the copper distribution. The contrast is due to differences in atomic number Z, with bright regions indicating heavier elements. The BEI image (Fig. 1D) is in perfect agreement with the copper distribution obtained from the electron microprobe element map.
The structure of the copper agglomerations in the Glycera jaw tip was studied by x-ray diffraction (XRD) on dried jaws at the Advanced Photon Source (APS) of the Argonne National Laboratory (ANL). Experimental details are given as supporting online material (14) . The experiment revealed a crystalline phase in the tip region of the jaw ( Fig. 2A) . The same pattern was also found in fresh frozen specimens when examined with conventional XRD. Bragg reflections were observed only in a region of about 200 to 300 m around the end of the tip. An excellent match in position and intensity of the peaks in the diffraction pattern was obtained with the calculated pattern of the copper-and chlorine-containing mineral atacamite (15) [Cu 2 (OH) 3 Cl] (dashed line in Fig. 2B ). The compound Cu 2 (OH 3 )Cl occurs in four polymorphs: atacamite, botallackite, paratacamite, and clinoatacamite. None of the other three polymorphs matched the diffraction data. The mineral atacamite is known to form under two extreme environmental conditions: in very arid climates [the main location is the Atacama Desert, Chile (16) ] and in seawater (17) . Both environments ensure the stability of atacamite, which is otherwise soluble in fresh water (17) . The hardness of atacamite is slightly greater than that of calcite (18) .
Transmission electron microscopy (TEM) on thin sections of the jaw tip revealed that the atacamite is organized in fibers (dark regions denoting higher electron density, Fig. 3A ) within a protein matrix (light gray, Fig. 3A ). For details on sample preparation and measurement, see materials and methods (14) . Mineralized fibers are arranged in layers, with the very surface and some inner parts being free of mineral. A similar distribution can be seen in the backscattered electron image in Fig. 1D , where bright regions indicating greater mineralization do not extend to the very surface, and the mineral is not evenly distributed in the jaw tip. In Fig. 3B , long mineralized fibers are shown in greater magnification. Energy-dispersive x-ray analysis in single fibers and between fibers showed that most of the copper is concentrated in the fibers. In Bragg contrast (darkfield TEM, Fig. 3C ), the same sample showed bright spots at various places in the fibers, where the illumination changed quickly to other spots along the fiber upon tilting, as different lattice planes of the mineral fulfilled the diffraction condition. This suggests that the fibers are polycrystalline, consisting of single crystallites in a size range from 10 to 50 nm, as estimated from the size of the single bright spots in Fig.  3C . The large size of the single crystals is also in agreement with the observation of very sharp reflections in XRD (compare Fig. 2A ), whereas the polycrystallinity explains the presence of rings in the XRD pattern ( Fig. 2A) , indicating a rather random crystallographic orientation. The insert in Fig. 3C , top right corner, shows a selected area electron diffraction pattern from part of a fiber. The diffraction pattern corresponds to that of atacamite and displays reflections from more than one single crystallite. In contrast, TEM micrographs from the base of the jaws had no fiberlike structure, but the sample was homogenous with a low electron density.
Small-angle x-ray scattering (SAXS) studies at the APS, ANL (14) showed that the mean fiber orientation throughout the tip is roughly parallel to its outer shape. This can be concluded from the fact that the short axis of the SAXS pattern (Fig. 4A, top) always followed the outer contour of the jaw tip (compare sketch in Fig. 4 , left; the red circle indicates the size of the x-ray beam). Quantitative evaluation of the SAXS patterns yielded a mean fiber diameter of 81 Ϯ 14 nm (19) , which is in excellent agreement with the fiber diameter obtained from scanning electron microscopy (SEM) (Fig. 4B top) on a fracture surface in the tip region and TEM (Fig.  3) . In the rest of the jaw, the fracture surface as viewed by SEM exhibited a less pronounced, rather random structure (Fig. 4B, bottom) , and the SAXS signal was isotropic and vanishingly weak (Fig. 4A, bottom) . For experimental details, refer to the materials and methods (14) . In order to investigate whether the copperbased mineral in Glycera jaws has a hardening effect on the material, nanoindentation experiments and microprobe element analysis were carried out on the same sample, as described in the materials and methods (14) . A longitudinal section of a Glycera jaw was indented in an array of 5-m steps at the very tip and 10-m steps in the rest of the sample. Hardness H and elastic modulus (stiffness) E were determined at each point (20) and arranged into two-dimensional maps in pseudo-gray scale (Fig. 5, A and  B) : Bright regions denote high values and dark regions low values of H and E, respectively. The pixel size of the maps corresponds to 5 m, with missing values obtained by interpolation. Electron microprobe analysis on the same sample after indentation showed that the regions with higher H and E, such as the tip and regions near the surface, were indeed those containing more copper. Figure 5 , C and D, show a copper dot map and a backscattered electron image, respectively. Microprobe analysis was also used to determine the copper and chlorine concentration quantitatively at selected points. The intensities of the characteristic copper and chlorine radiations were compared to those obtained from standard samples with known weight % of copper and chlorine and corrected for absorption and atomic number effects. Details are given as supporting online material (14) The mineral volume % was calculated from the copper and chlorine concentrations, taking into account the atomic ratio of Cu:Cl ϭ 2 :1 in atacamite and approximate mineral and matrix densities (14) . Because there was more copper than expected in this ratio, the chlorine content was taken as an indicator of mineral content. Figure 5 , E and F, show that H as well as E increased with increasing mineral content (solid circles denote experimental data).
Considering the structure of the Glycera jaw as a fiber composite consisting of hard fibers in a softer protein matrix, it is possible to obtain rough quantitative estimates for H and E as a function of mineral content (fiber volume fraction), using simple model calculations as outlined in the supporting online material (14) . The increase of a material's hardness by addition of hard particles is extremely dependent on the particle shape (21) . The least pronounced hardening effect is obtained with spherical particles (dashed line in Fig. 5E ), the strongest with long cylinders when loaded parallel to the axis (Fig.  5E , dashed line, cylinder aspect ratio 10) (21). Cylinders with an aspect ratio of 0.1 (discs) would lead to an intermediate hardening effect (Fig. 5E, solid line) . The experimental data also lie in an intermediate range. E values were calculated according to the Halpin-Tsai approximation (22, 23) for fiber composites. The dotted line in Fig. 5F represents an upper limit given by long fibers loaded parallel to their axis and the dashed line a lower limit corresponding to long fibers loaded in a transverse direction.
The experimental data lie well in between these two limits. The solid line in Fig. 5F shows an approximation to the data, assuming a fiber aspect ratio of 10 and parallel loading.
In Table 1 , the mechanical properties of Glycera jaws are compared with those of enamel and dentin in vertebrate teeth (24, 25) . In spite of its low degree of mineralization, the Glycera jaw is considerably harder than dentin but not as hard as enamel. E of the Glycera jaw is below that of enamel and dentin. Although high hardness and stiffness are often regarded as desirable material characteristics per se, it is commonly understood that the resistance of a material to abrasion correlates rather with the ratio of H 3/2 /E (26). Table 1 shows that the H 3/2 /E ratio in Glycera jaws was more than double that of dentin and reached 80% of that of enamel, with a degree of mineralization that is 1/17 that of dentin and 1/24 that of enamel. This is particularly remarkable given enamel's excellent resistance to wear and abrasion (10, 24, 27) .
Copper is well known for its pivotal role in enzyme catalysis (28) , but its participation in the integrity of biostructural scaffolds is less familiar. Certain types of lichen may produce copper-containing mineral inclusions (moolooite) in the course of their erosion of copper-rich rocks (29) . In the Glycera jaw, however, copper clearly plays a structural role. Although copper was present mainly as mineral deposits, the Cu:Cl ratio as determined by electron microprobe analysis was considerably higher than in the mineral atacamite, pointing toward a substantial amount of excess copper. It has been found that cations of copper, iron, and zinc can, by coordination with multiple ligands, function as noncovalent cross-linkers of polymers (30) and protein scaffolds in normal and diseased tissues (31) . Such a role was proposed to be the primary function of Zn in the jaws of the clamworm Nereis (32, 33) , a close relative of Glycera. In Nereis jaws, however, there was no detectable crystalline form of Zn (34) . The amino acid compositions of Nereis and Glycera jaws are similar in being dominated by two amino acids, glycine and histidine (Table 2) ; the latter is known to play an important role in metal binding (28) . Details on the protein analysis are available as supporting online material (14) .
It is noteworthy that in the Glycera jaw, the copper was not evenly distributed but occurred at higher concentrations in the inner part of the jaw rather than on the surface (compare Fig.  1D) . A gradual increase of stiffness from the surface to the bulk has been shown to mitigate crack formation and to enhance the resistance of stiff materials to contact damage (35, 36) . Glycera is a raptorial but rather undiscriminating carnivore that hunts by burrowing in marine sediments. Given that its jaws are as likely to close on a bit of gravel as they are on living tissue, mitigating contact damage appears crucial. The marriage of protein with copper mineral as well as with bound copper ions is an intriguing concept per se but may also serve as a design prototype for new materials that need to be hard, lightweight, and durable. The extraordinary selectivity for copper as compared to other transition metals in Glycera jaws, however, suggests an additional biological function beyond mechanical support. One possible explanation is that copper may mediate the activation of venom during injection. Indeed, other fibrous protein networks exhibit catalytic activity with bound copper (37, 38) . Table 2 . Amino acid composition of Glycera and Nereis jaw tips in residues per 1000 residues (standard error Ϯ 5% for five analyses). Except for the histidine content, the observed composition of Glycera jaws resembles that found in an earlier analysis (12) . The histidine difference is undoubtedly due to the use of the jaw tips alone in the present study. 
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